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Abstract. A method for calculating the rough surface reflection
coefficient of an electromagnetic wave is proposed. It is shown that the
screening surface roughness in waveguides is equivalent to a decrease in
conductivity of these surfaces in comparison with values belonging to
Schukin—Leontovich boundary conditions for completely smooth surfaces.
Examples of calculating the attenuation coefficient in the rectangular
waveguide with rough screening surfaces in a terahertz frequency range are
presented. The influence of the size and shape of the rough surface profile
irregularities on the waveguide attenuation is studied.

1 Introduction

The screening surface imperfection is the main factor determining the losses per unit length
of the guide electrodynamic structure at high frequencies. This imperfection appeared as
finite conductivity in the material and screening surface roughness, determined by the
quality of its processing. For this reason, both theoretical [1-4] and experimental [5-6]
studies have recently been devoted to investigating the influence of surface roughness on
the characteristics of guiding electrodynamic structures.

The surface roughness can be neglected if its size is much smaller than the penetration
depth of the electromagnetic field into the screen walls. This condition is usually satisfied at
frequencies below and on the order of hundreds of megahertz. However, as the frequency
increases, requirements for the quality of screening surface processing are increased and
become comparable with technological capabilities. In this regard, in the terahertz
frequency range the screening surface roughness becomes the main factor determining the
losses per unit length in the guide structure.

In this paper, the influence of the profile height and shape of the screening surface
roughness on the main wave attenuation per unit length in the rectangular waveguide is
studied. A rough surface is considered, i.e. it is assumed that the mirror component of the
reflected wave is much larger than the diffusion wave.
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2 Method for estimating the losses per unit length
in the waveguide

We consider the case when roughness size is comparable with skin depth, but much less
than the wavelength propagating in the waveguide.

In this paper, an approach based on the concept of Brillouin partial waves is proposed.
Basically, it allows for taking into account the random surface roughness of the free form.
Since the field of any wave in the waveguide is the result of a superposition of plane waves
repeatedly reflected from the screening surface, its attenuation is determined by the
magnitude of the reflection coefficient and the number of reflections. If the conducting
surface is completely smooth, the module of the reflection coefficient is equal to one, and
the partial-wave interference occurs in phase. As a result, a natural wave propagates in the
waveguide without attenuation.

Wave attenuation appears either when the module of the reflection coefficient
decreases, when during partial-wave interference phase relationships are changed, or if both
of these factors are present. The first case corresponds to an imperfectly conducting
screening surface and has been well studied. The second case that occurs in a waveguide
with smooth walls corresponds to reactively incident waves.

Partial scattering occurs in a waveguide with rough walls during the reflection of partial
waves, as a result, phase relations are changed according to the secondary wave
interference. Part of the secondary waves don’t participate in the waveguide’s natural wave
formation, thereby taking away part of the energy from it. As a result, propagating natural
waves becomes incident even in the case of perfectly conductive screening surfaces.

The problem of the electromagnetic wave scattering on statistically rough surfaces is
studied in radiolocation, fluoroscopy, and optics. To apply the obtained results to the
estimation the natural wave attenuation of the guiding electrodynamic structures, it is
proposed to find the parameters of an equivalent smooth surface having the same reflection
coefficient as a real rough surface. Thus, wave attenuation caused by surface roughness can
be found, for example, by correcting the conductivity of the screen material.

In this case, the attenuation a in the waveguide depends on the reflection coefficient I
of the electromagnetic wave from the waveguide wall and the number of reflections:

a :2010g|F|n , where n - number of reflections. The number of reflections of the main

wave in a rectangular waveguide / can be defined using the expression:

M (1)

a (Zafj -1
c

where a — the size of the waveguide wide wall.
Expressions for reflection coefficients of mutually perpendicular components of the
electric field intensity (F‘ | for lying in the plane of incidence and I', for the components

perpendicular to this plane) can be obtained using well-known Fresnel formulas.
In view of the above, the expressions for the attenuation coefficients of the
electromagnetic field components in a rectangular waveguide can be represented as:
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In the case of the smooth screening surface, the obtained frequency dependence of the
attenuation coefficient both qualitatively and quantitatively is the same as standard.

But in addition to the losses related to the final conductivity of the waveguide walls,
losses related to the quality of screening surface processing can also have a significant
influence, especially when the signal frequency under consideration is increased. In this
paper, we propose using an approach based on the concept of partial Brillouin waves in
order to take into account the surface roughness of the free form, including a random one.
In this case, the problem of finding the natural wave attenuation in the guiding
electrodynamic structures with rough screening surfaces is reduced to the case of structures
with completely smooth surfaces. The equivalence of the real rough surface and smooth
surface is achieved by correcting the conductivity of the latter material, ensuring the

equality of the reflection coefficients of the electromagnetic wave from the surfaces under
consideration.

o

3 Rough conductive surface reflection coefficient

The profile shape of the rough surface depends on the processing method and tool used.
This profile shape is random in nature and is described by statistical surface characteristics.

The reflection of a plane electromagnetic wave from a statistically uneven conductive
surface is considered. The equation of a stationary surface can be specified by a random
function x=§&(y,z) two variables where the axis «z » coincides with the axis of the

waveguide. This function is assumed to be single-valued and sufficiently smooth (a
sufficient number of times differentiable with both arguments). The field reflected from
such a surface is random. Not the field itself, but the random surface ensemble average
reflection coefficient is important.

Strictly speaking, any random variable is statistically completely described by an n-
dimensional probability density for n —oo. However, in our case, the one-dimensional
probability density w(x,y,z)is proposed. It can show that the surface height & at the

point with coordinates y,z lies within x <&(y,z) < x+dx . One-dimensional probability

density allows finding the average value of a random variable and the standard deviation of
a random variable or its function from the average value.

In the case of a spatially homogeneous random variable, the one-dimensional
probability density is the same almost everywhere

W(X,,2) =W (x) = W (§).- “

The average surface height the above the plane x =0 is defined by the expression
€= [em(©de. (5)

The surface height scatter relative to the average value is described by the standard
deviation 9§ (the line above indicates static averaging)

—_— ©

8 =(5-8) = [ (5-8) wm(©uc. ©)
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These characteristics describe random variables that follow Gaussian law. If surface
roughness is caused by a large number of independent factors, then, based on the central
limit theorem of probability law, such a surface is described by Gaussian law.

o (eE)
Wl(i)—mexp(— 5

). Q)

Since a reflected field is created due to the interference of an infinitely large number of
waves reflected from elements in the random surface, by virtue of the central limit theorem,
it also follows the Gaussian law.

In a first approximation, the difference between the reflection of a plane
electromagnetic wave from the rough and smooth surfaces is that in the case of a smooth
surface the phases of the secondary waves are known and determined by the phase of the
incident wave. With the static rough surface the phases of the secondary waves differ from
the values determined by the incident wave by random values (Fig. 1)

A(p(Z;):kO~2§-c0s9:i—n2i-cos9, ()

0

where 0 - angle of incidence.
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Fig. 1. The influence of the random rough surface height on the phase of the reflected wave.

In this case, the random complex amplitude of the electric field intensity of the reflected
wave can be represented as

E_ =E_ I'(6)exp(ik,25cos0), )

P = naj

where I'(0) - smooth surface reflection coefficient.

Its average value is determined by the expression
E,, = E,,T(0) [ exp(ik, 2 cos Ow(E)dE . (10)

Introducing probability density here, we obtain the average rough surface reflection
coefficient

0

[(6) = I'(0) exp(—87” cos’ e(%} ). (11)

According to the last expression, the rough surface reflection coefficient depends on the
roughness size relative to the wavelength. Figure 2 shows the dependence of the normalized
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reflection coefficient on the relative roughness size for two values of the angle of incidence.
The reflection coefficient is normalized to the value of the smooth surface reflection

coefficient.
T H
Ty \\:\\\
0,995 AN
\ \15"
0,99 0° \
0,985
0,98 \
0,001 0,01 8

Fig. 2. Dependence of the normalized rough surface reflection coefficient on the roughness size
related to the wavelength at the angle of incidence 0 and 45°.

At first glance, noticeable changes in the reflection coefficient begin with roughness
sizes exceeding one hundredth of a wavelength. However, as the following graph shows
(Fig. 3), the reflection coefficient decrease by thousandths is equivalent to a decrease in the
conductivity of a smooth surface by almost an order of magnitude. In addition, it should be
noted that the maximum values of the random variable are 5-6 times larger than the root-
mean- square value with Gaussian distribution.
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Fig. 3. Dependence of equivalent surface conductivity on the module of reflection coefficient.

Thus, the influence of roughness is significant when its size is thousandths of a
wavelength.

4 Estimating results for losses per unit length in a rectangular
waveguide

Figure 4 shows the dependences on the frequency loss of a rectangular waveguide with a
standard cross section of 1.1 / 0.55 mm for smooth copper walls and with roughness of 3,
10, and 20 pm, accordingly, following the Gaussian law. According to the chart
comparison, roughness of 3 pm practically does not increase the losses per unit length in
the waveguide. Roughness of 10 microns increases losses almost twice and roughness of 20
microns increases almost 4 times. Losses in the latter case are approximately 30 dB / m,
while the roughness is 50 times smaller than the wavelength.
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Fig. 4. Dependence on the frequency of the attenuation coefficient in the rectangular waveguide
with the cross section of 1.1/ 0.55 mm for copper walls with different roughness size.

As a model of rough surface, we consider periodically repeating profile irregularities in
various shapes. In the perpendicular direction, the profile is considered to be unchanged.

In this approximation, the surface profile is described by a function of one variable
E=&(x), —B<x< B. The probability density in this case is represented as the relative
interval of the profile height within &, £+dE .

Assuming formally &(x) random function, we can use the well-known expression

relating the probability density of a random function and its argument:

0. = 0, ©)| @), (12)

23

We find the dependencies for rectangular, piecewise linear and smooth profiles.

In the case of rectangular shape irregularities with a height 4 and a transverse size D,
the probability density has the form:

%(i):%5(§)+§5(i—fl), (13)

where 8(&) - delta function or Dirac function.

Figure 5 shows the estimation results for the losses per unit length of a rectangular
waveguide with a cross section of 1.1 x 0.55 mm having a rectangular profile for different
values of the profile height.
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Fig. 5. Dependence on the frequency of losses per unit length in the rectangular waveguide with a cross
sectionof 1.1 x 0.55 mm having arectangular profile for arelative profile bearing length of 50 %.
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The dependences above show that the presence of surface roughness can lead to an
increase in the attenuation per unit length in the waveguide by almost an order of
magnitude. The greatest attenuation is observed when the transverse size is half the period
of irregularities.

With a piecewise linear profile shape, the expression for the probability density takes
the form:

o, (£)=—=8(&)+—. (11)

The estimation results for the losses per unit length in a rectangular waveguide with a
cross section of 1.1 x 0.55 mm for a piecewise linear profile with various profile heights are
presented in Fig. 6.
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Fig.6. The dependence on the frequency of losses per unit length in a rectangular waveguide is
1.1 x 0.55 mm with a linear profile for a relative profile bearing length of 50%.

This comparison shows that at the same height of the irregularities the increase in
attenuation in the case of a rectangular profile is greater than in the case of a linear one.

To describe a smooth profile the following function can be used A|c0s’" (x)| , where the

parameter m can vary, allowing you to simulate a different relative profile bearing length.
The profile view for various values of the parameter m is shown in Fig. 7.
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Fig. 7. Profile shape for various parameter values m: 1 —m=0,5;2-m=1;3 -m=3,5;4 - m=60.

The analytical expression for the probability density in this case has the form:
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The estimation results for losses per unit length in a rectangular waveguide with a cross
section of 1.1 x 0.55 mm for the profile shape under consideration for various profile
heights and parameter m are presented in Fig. 8.
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Fig. 8. Dependence on the frequency of losses per unit length in a rectangular waveguide 1,1 x 0,55
mm with smooth profile a) m = 0,5 and m = 60, b) m = 3,5.

As follows from these dependences, the attenuation maximum is observed at a
parameter m equal to 3.5.

5 Conclusion

An approach to estimating of losses per unit length in a waveguide with rough surfaces is
presented; it is based on the concept of partial Brillouin waves and replacing a real rough
surface with an equivalent smooth surface.

The estimation of results for the main wave attenuation per unit length in a rectangular
waveguide with roughness of various profiles and sizes is presented. The analysis of
dependences shows that the height of the screening surface profile roughness has the
greatest influence on the natural wave attenuation per unit length. With equal values of the
height, the greatest attenuation is observed in the rectangular profile, when the irregularity
width is equal to half its period. Application of the proposed method allows setting
requirements for the quality of the screening surface processing in the guiding structures,
based on the acceptable level of natural wave attenuation.
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